, NO 3 − , and NH 4 + were observed at both sites, and were related to meteorological conditions, primary emissions, and regional transport. The effectiveness of the control measures on SO 4 2− , NO 3 − , and NH 4 + was evaluated by comparing the urban site concentrations during three periods: before the full-scale control, after the full-scale control but before the Olympics, and during the Olympics. The high pollution observed after the full-scale control was attributed to regional transport from the sector south of Beijing. The samples in the air masses from the northwest were selected to minimize the influences of meteorological factors and regional transport, and the results showed a clear reduction of SO 4 2− , NO 3 − , and NH 4 + concentrations (approximately 35%-69%) after the full-scale control began, suggesting the effectiveness of the control measures in reducing the local secondary inorganic aerosols. A widespread pollution episode was observed during August 3-10 at the rural site, with regional transport being identified as the main contributor. Secondary transformation evidently occurred during August 3-4 and contributed more than 50% of the rural secondary ion concentrations. During August 5-10, the whole region experienced a stable and well-developed plume.
INTRODUCTION
Fine particles (PM 2.5 , particulate matter with an aerodynamic diameter smaller than or equal to 2.5 μm) play key roles in regional air quality deterioration and global climate change (Sloane et al., 1991; Deshmukh et al., 2011) , and they can easily penetrate into the lungs and lead to respiratory and mutagenic diseases (Hughes et al., 1998) . The secondary species such as sulfate, nitrate, and ammonium are the major PM 2.5 compounds, accounting for more than 1/3 of the PM 2.5 mass Chan and Yao, 2008) . These species can affect the hygroscopic nature and acidity of aerosols (Ocskay et al., 2006) . Therefore, understanding the temporal/spatial variations of the secondary species in PM 2.5 is important.
Beijing, as the capital of China, is situated in one of the fastest developing regions of the North China Plain (NCP). Due to the high primary emission levels from fossil fuel consumption, Beijing has experienced serious air pollution problems, especially particulate matter pollution (Chan and Yao, 2008; Yang et al., 2011) . PM 2.5 concentrations much higher than the ambient air quality standard of 35 μg/m 3 recommended by the United States Environmental Protection Agency (US-EPA) have been reported (e.g., He et al., 2001; Wang et al., 2005; Duan et al., 2006; Zhou et al., 2012) . Therefore, numerous studies have been conducted in Beijing to investigate the properties of PM 2.5 and the formation mechanism of secondary species. For example, He et al. (2001) and Duan et al. (2006) reported the seasonal variations and chemical compositions of PM 2.5 , and the results showed the highest concentrations of PM 2.5 in winter and the major components of carbonaceous species (the sum of OC and EC), secondary ions (the sum of SO 4 2− , NO 3 − , and NH 4 + ), and crustal species. Yao et al. (2002) attributed the SO 4 2− formation to gas-phase oxidation in winter but to in-cloud processes in summer, while Sun et al. (2006) suggested that the aqueous-phase oxidation of SO 2 was the major mechanism of SO 4 2− formation in winter. However, most previous studies on the chemical characteristics of PM 2.5 were based on the off-line filter sampling method, which has several shortcomings, such as low time resolution and sampling artifacts from the dissociation of semi-volatile species and inter-particle/gasparticle interactions (e.g., Pathak et al., 2009; Nie et al., 2010) . To overcome these drawbacks, recently developed highly time-resolved techniques for measuring water soluble ions in PM 2.5 (or PM 1 ) have been applied to provide more accurate and detailed information about the chemical processes (e.g., Takegawa et al., 2009; Sun et al., 2010; Gao et al., 2011) . However, to our knowledge, the studies involving these improved techniques have been limited to Beijing.
After winning the bid to host the 29 th Olympic Games, the Beijing government took drastic actions to reduce air pollutant emissions and improve air quality. SO 2 , NO x , and PM 10 emissions were reduced by an estimated 14%, 38%, and 20%, respectively (UNEP, 2010) . This dramatic emission reduction in a short period of time has attracted numerous studies to assess the impacts of control measures on the air quality. Based on comparisons of the data obtained during the Olympics with those from non-Olympic periods, the levels of SO 2 , NO x , and PM 10 were reduced by 40%-70%, 40%-50%, and 35%-55%, respectively (Wang et al., 2009a (Wang et al., , b, 2010a Zhou et al., 2010a) . Compared to 2008, reductions of 43%, 13%, and 12% for NO 2 , SO 2 , and CO were reported over Beijing and neighboring provinces by satellite measurement (Witte et al., 2009) , and SO 2 and CO were reduced by 64% and 27% at Heishanzhai (HSZ) and 60% and 32% at Miyun according to the field observations (Wang et al., 2009b) . The secondary ions in PM 2.5 (SO 4 2− , NO 3 − , and NH 4 + ) had varied responses to the control measures and were influenced by both emissions and meteorological variations (Wang et al., 2009c; Huang et al., 2010; Okuda et al., 2011; Xing et al., 2011) . However, the relative contributions of the emission reductions and meteorological factors to the air quality improvement during the Olympics remain inconclusive.
In the present study, highly time-resolved measurements of SO 4 2− , NO 3 − , and NH 4 + in PM 2.5 were simultaneously performed at an urban site and a rural site in Beijing during the 29 th Olympics. We first investigated the spatial and diurnal variations of SO 4 2− , NO 3 − , and NH 4 + based on their hourly concentrations. To directly estimate the effectiveness of the control measures on the secondary ions, the air masses from northwestern Beijing were selected to minimize the influences of meteorological factors and regional transport. Finally, we analyzed a typical regional haze episode with high concentrations of SO 4 2− , NO 3 − , and NH 4 + and emphasized the regional contribution, especially the transformation during transport. To our knowledge, this work is the first application of continuous techniques for simultaneously measuring water-soluble ions at an urban site and a downwind rural site in Beijing.
EXPERIMENT

Sampling Sites
The field campaign took place at an urban site and a rural site in Beijing in the summer of 2008 (shown in Fig.  1 ). The rooftop of a three-floor building was selected as the urban site (~15 m above the ground) in the Chinese Research Academy of Environmental Sciences (CRAES), which is 5.8 km south of the Olympic Stadium (the "Bird's Nest") and 4 km north of the 5th Ring Road. The rural site was situated in Heishanzhai (HSZ), approximately 40 km from CRAES. Detailed information about the two sites can be found in Wang et al. (2010b) , and the sampling inlet was approximately 1.5 m above the rooftop of the station. The hourly data of SO 4 2− , NO 3 − , and NH 4 + in PM 2.5 were collected from July 11 to August 25 at the urban site and from July 31 to August 25 at the rural site. 
Instruments Description
The hourly concentrations of SO 4 2− , NO 3 − , and NH 4 + in PM 2.5 were simultaneously measured by two separate ambient ion monitors (AIM; Model URG 9000B, URG Corporation, USA) at both sites. These instruments contain two parts: a PM 2.5 sampler and a water-soluble ion analyzer. The ambient air was drawn through a 2.5 μm cut-point cyclone to remove particles larger than 2.5 μm from the air stream at a flow rate of 3 L/min followed by a Liquid Diffusion Denuder where de-ionized water flowed in the opposite direction of the air flow to remove the potential interfering gases (e.g., SO 2 , NH 3 , and HNO 3 ). The flow passed through an Aerosol Super-Saturation Chamber in which air stream rapidly mixed with the super-saturated steam to enhance particle growth into droplets. The solutions of water-soluble ions were collected in two syringes and then analyzed using two ion chromatography systems (Dionex, ICs 90 at CRAES, and ICs 1000 at HSZ). Multipoint calibrations were performed every four days after changing the eluent solutions. The estimated detection limits of SO 4 2− , NO 3 − , and NH 4 + were 0.054, 0.010, and 0.045 µg/m 3 , respectively, and the measurement uncertainties were approximately 10% (Zhou et al., 2010b) . To avoid interference from high SO 2 and aerosol loadings, which were found in our previous studies (Wu and Wang, 2007; Zhou et al., 2010b) , the sampling flow rate was reduced from 3 L/min to 2 L/min by adding a bypass before the inlet of the denuder; as a result, these two instruments performed well during our entire campaign (Nie et al., 2010) .
Other instruments for measuring SO 2 (TEI model 43C), NO x (TEI model 42i), O 3 (TEI model 49i), and CO (API model 300E or API model 300EU) were described in our previous papers (e.g., Wang et al., 2010b) . CRAES (20.74 ± 20.36, 8.83 ± 9.51, and 10.85 ± 8 .99 µg/m 3 , respectively). No significant difference was observed between these two sites, with mean concentration deviations less than 10%, as is consistent with previous studies. He et al. (2001) found that the levels of SO 4 2− , NO 3 − , and NH 4 + showed little differences when measured at residential and downtown sites. Wang et al. (2005) compared the concentrations of SO 4 2− , NO 3 − , and NH 4 + in five urban and rural areas using the paired samples t-test and concluded that there were no significant differences in their concentrations.
RESULTS AND DISCUSSIONS
Unlike ions, the mean mixing ratios of SO 2 and NO x (the precursors of SO 4 2− and NO 3 − , respectively) showed large differences at the two sites. The levels of SO 2 and NO x at CRAES (7.25 ± 5.32 and 12.89 ± 9.75 ppb, respectively) were approximately 6 and 5 times those measured at HSZ (1.27 ± 1.47 and 2.51 ± 1.90 ppb), respectively, with p values < 0.01 at the 95% confidence level. The elevated SO 2 and NO x levels at CRAES are likely due to the high traffic density and industrial emissions around or upwind of CRAES. Significant differences for the temperature, solar radiation, and relative humidity (Table 1) at the two sites were also observed, with p values < 0.01 at the 95% confidence level. The obvious differences in gas precursors and weather conditions as well as the similarities of the secondary inorganic ion levels suggested a more regional dependence for the secondary inorganic ions than that of the primary gases. 2− , NO 3 − , and NH 4 + in PM 2.5 and related trace gases (SO 2 and O 3 ), as well as the meteorological conditions (T, RH, and wind speed and direction), from July 31 to August 25 at the two sites are shown in Fig. 2 . On the whole, SO 4 2− showed similar diurnal patterns at both sites with a broad daytime maximum and a relatively low concentration at night. The SO 4 2− concentrations rapidly increased from the early morning to the late afternoon synchronously with the enhancement of solar radiation and the O 3 and SO 2 concentrations. However, a more pronounced variation was observed at HSZ with the ). The typical mountain-valley breeze brought the Beijing urban plume from the southeast during the afternoon and caused a more pronounced diurnal variation of SO 4 2− at HSZ. Different diurnal variations of NO 3 − at the two sites are shown in Fig. 2 . At the urban site, NO 3 − showed the highest peak in the early morning and the lowest value in the late afternoon. The maximum concentration of NO 3 − (11.56 µg/m 3 ) occurred at approximately 8:00 due to the formation and accumulation of NH 4 NO 3 under high RH before sunrise. The minimum concentration of NO 3 − (4.62 µg/m 3 ) at approximately 16:00 was attributed to the dissociation of NH 4 NO 3 with the increase of temperature. This typical diurnal pattern was widely observed in other studies (e.g., Hu et al., 2008; Wu et al., 2009) . However, at HSZ, NO 3 − did not show a low concentration in the afternoon. The possible reason was that the regional pollutants transported from urban Beijing and NCP overwhelmed the dissociation of NH 4 NO 3 .
NH 4 + is formed via the reactions of ammonia with sulfuric acid and nitric acid (Seinfeld and Pandis, 2006) and mostly exists in the forms of (NH 4 ) 2 SO 4 and NH 4 NO 3 in the aerosol. Therefore, the diurnal pattern of NH 4 + is related to that of sulfate, nitrate or both. At CRAES, NO 3 − showed a more pronounced diurnal variation than SO 4 2− . Thus, NH 4 + showed a similar diurnal variation as NO 3 − ; the peak value occurred in the morning, and the lowest value occurred in the afternoon. In contrast, at HSZ, NO 3 − showed a relatively stable diurnal variation, which led to the diurnal pattern of 2− , NO 3 − , and NH 4 + pollution during the Olympics, the campaign at the urban site from July 11 to August 24 was divided into three periods based on the periods of the source control measures and the Olympics: before the full-scale control (period 1, July 11-19), after the full-scale control but before the Olympics (period 2, July 20 to August 8), and during the Olympics (period 3, August 9-24). The concentrations of SO 4 2− , NO 3 − , and NH 4 + in these three periods are compared in Fig. 3 , and NH 4 + were expected to be reduced when compared with the data before the fullscale control. However, opposite results were obtained. Less rainfall and more frequent wind flow from the southsoutheast sector was suggested to be the major contributor to the enhanced pollutant concentrations in period 2 . In this study, to further identify the impacts of source regions on the SO 4 2− , NO 3 − , and NH 4 + concentrations, five-day backward trajectories, with the endpoint at 100 m above the CRAES ground level (40°02′N, 116°25′E), were calculated for every hour by the Hybrid Single-Particle Lagrangian Integrated Trajectory model (HYSPLIT, version 4.9) with the Global Data Assimilation system (GDAS) meteorological data (Draxler and Rolph, 2003) . A total of 1080 trajectories were obtained. A hierarchical cluster approach was then applied using the SPSS statistical software to classify these trajectories into several different groups based on Ward's cluster method and a squared Euclidean measure. As illustrated in Fig. 4 , six suitable clusters were obtained based on the transport directions and speeds. The air masses from the south (cluster 1) and southeast (cluster 2) were dominant and accounted for 35% and 39% of the total trajectories, respectively. Northeast air masses (cluster 6) accounted for approximately 10%. Air masses, which generally originated from northwestern China and travelled faster at a higher altitude, were classified into 3 categories of clusters 3, 4, and 5, and altogether they accounted for 16%. The hourly SO 4 2− , NO 3 − , and NH 4 + concentrations with clusters at the CRAES site are plotted in Fig. 5 . The highest concentrations of pollutants were observed in cluster 1, which passed through the areas south of Beijing with high emissions (Shandong, Hebei, and Tianjin), followed by cluster 2. Other clusters showed lower levels of pollutants. These results were consistent with some previous studies (Streets et al., 2007; Huang et al., 2010; Sun et al., 2010) . In period 2, the high concentrations of SO 4 2− , NO 3 − , and NH 4 + were attributed to frequent southerly air masses (the sum of cluster 1 and 2) that accounted for approximately 94% of the total trajectories, whereas the southerly air masses contributed to 57% in period 1 and 56% in period 3. Therefore, the air masses played an important role in the highly variable concentrations of SO 4 2− , NO 3 − , and NH 4 + . The significant impacts by the meteorological factors and regional transport make it a vague picture on the effectiveness of control measures. To minimize the influences of these factors and better evaluate the effectiveness of the control measures, we selected samples with the following criteria: (1) air masses from the northwest-north-northeast sector (270°-360° and 0°-45°) with wind speed below 1 m/s were selected to avoid obvious regional pollution, and (2) rainy days were excluded due to the cleaning effect. Under these criteria, 77, 71, and 86 hourly samples were identified in the three periods, respectively, during which local emission was considered as the dominant contributor to the pollutants of the urban site. Fig. 6 illustrates the SO 4 2− , NO 3 − , and NH 4 + concentrations for selected samples at CRAES in the three periods. These three species showed apparent decreases. Compared to those in period 1, SO 4 2− , NO 3 − , and NH 4 + reduced by 55.6%, 38.7%, and 35.3%, respectively, in period 2 and 61.4%, 66.1%, and 69.0%, respectively, in period 3, suggesting that the control measures were effective in reducing the local secondary inorganic aerosols. Together with our previous study , these results indicated the important roles of both meteorological factors and control measures in the observed significant reduction of pollution during the Olympics. However, a more quantitative conclusion would require further modeling in future studies. , and the average concentration (± standard deviation) of SNA was approximately 79.32 ± 38.62 µg/m 3 during this episode. As illustrated by the MODIS true-color image for August 4 (Fig. 8) , this pollution episode not only occurred as a typical regional haze event in Beijing but also spread over a large part of the NCP. Previous studies had demonstrated that regional transport from south of Beijing (mostly from the NCP) frequently occurred and greatly contributed to the summer Beijing pollution. Both models and field studies estimated that approximately 34%-87% for PM 2.5 (or PM 1.8 ) and 40%-69% for PM 10 were attributed to sources outside Beijing (Chen et al., 2007; Streets et al., 2007; Guo et al., 2010) . For SO 4 2− in fine particles, the regional contribution was reported to be almost 90% (Guo et al., 2010) . Our previous study directly examined the regional contributions to the ozone and CO pollution in Beijing via three concurrent observation sites located along an upwindurban-downwind pathway. In the present study, the simultaneous employment of online continuous techniques for measuring the water-soluble ions at the urban site and a downwind rural site provided a rare opportunity to directly evaluate the transport contributions to secondary aerosol species pollution. As illustrated in Fig. 7 , the peaks of SO 4 2− , NO 3 − , and NH 4 + at the downwind site (HSZ) appeared approximately 2-3 hours later than those at the urban site, clearly suggesting a transport contribution from the NCP and urban Beijing to the rural site.
To quantify the regional contributions of secondary aerosol species at the rural site, we selected two categories of samples to compare with the following criteria: (1) samples with the air masses from the south and the hourly concentrations of SNA exceeding 100 µg/m 3 are defined as regional samples, which represent the regional air plume, and (2) samples with air masses from the northwest of HSZ are defined as local samples, which represent the clean continental air masses without obvious regional impact.
Under the above criteria, 192 samples during August 3-10 and 91 samples on August 1, 2, 22 and 23 were identified as regional and local samples, respectively. In Table 2 , the concentrations of primary and secondary species are compared between the regional and local samples, and the results showed evident differences for each species. With a relative atmospheric lifetime of 1 month in summer (Xu et al., 2008) , CO was taken as a benchmark to evaluate the transport contributions from the North China Plain and urban Beijing to HSZ, and the result showed an increase by a factor of ~2 for the regional samples compared with the local samples. This increase suggested that approximately 50% of the CO at the rural site can be attributed to the transport. However, for the secondary compounds in PM 2.5 , a much higher "regional/local" ratio was revealed, with 9.19 for SO 4 2− , 18.61 for NO 3 − , and 8.66 for NH 4 + ; while similar levels of SO 2 and NO x appeared in the regional and local samples. The resulting lower ratios for SO 2 and NO x and higher ratios for secondary species (SO 4 2− , NO 3 − , and NH 4 + ) suggested a secondary transformation during transport. It is also of interest that the regional/local ratio for NO 3 − was more than twice that of SO 4 2− and NH 4 + , indicating the possible formation of NO 3 − on pre-existing aerosols instead of through the homogeneous gas-phase reaction between ammonia and nitric acid during transport (Pathak et al., 2009) .
To further investigate the secondary transformation processes during transport, we examined the changes in the relationship between SNA and CO at the urban site and the downwind rural site. As shown in Fig. 7 , the concentrations of SO 4 2− , NO 3 − , and NH 4 + rapidly increased at the beginning of this pollution episode (August 3-4) and maintained stable levels thereafter during August 5-10. Therefore, in Fig. 9 , we divided the August 3-10 time period into two parts, with August 3-4 as the "growth stage" and August 5-10 as the "stabilization stage". During the "growth stage" (August 3-4), the RMA slope of SNA versus CO was 0.22 at the rural site, approximately double that at the urban site (0.11), suggesting strong secondary transformation. However, in the "stabilization stage" during August 5-10, the slope showed comparable values of 0.12 at the rural site and 0.10 at the urban site. These results suggested that secondary production mainly occurred during the growth stage of pollutant concentrations during August 3-4, and afterward (during August 5-10), the whole region experienced a stable and well-developed plume from the NCP and urban Beijing. The foregoing discussions have demonstrated that secondary transformation during the transport from CRAES to HSZ mainly occurred in the growth stage of the episode during August 3-4. In this section, we develop a simple approach to quantify the secondary transformation contribution to the observed pollution level during August 3-4 at HSZ. The total SO 4 2− , NO 3 − , and NH 4 + concentrations at HSZ during August 3-4 can be separated into three parts depending on the type of contribution: (1) local sources (LS), (2) direct transport (DT), and (3) secondary transformation (ST). The contribution of local sources can be represented by the concentrations of SO 4 2− , NO 3 − , and NH 4 + at HSZ on August 1, 2, 22 and 23, while the direct transport contribution can be calculated by the formula C i-DT = (CO rural /CO urban ) × C i-urban (where i stands for species of SO 4 2− , NO 3 − , and NH 4 + ), assuming similar levels of diffusion for CO and fine particles during the transport from CRAES to HSZ. Then, the secondary transformation contribution can be computed by deducting local sources and direct transport from the total contributions. The calculation results for LS, DT, and ST are summarized in Table 3 . For the three secondary ions, the secondary transformation contribution (SO 4 2− : 60.3%; NO 3 − : 78.9%; NH 4 + : 58.1%) accounted for more than half of the total contributions, followed by direct transport and local sources, indicating the predominance of secondary transformation.
SUMMARY AND CONCLUSION
In this study, we report simultaneous online continuous measurements of SO 4 2− , NO 3 − , and NH 4 + in PM 2.5 at an urban site and a downwind rural site in Beijing during the 29 th Olympic Games. The results showed that both urban and rural areas in Beijing suffered serious secondary aerosol pollution (SO 4 2− , NO 3 − , and NH 4 + ) with few spatial differences in summer. Obviously diurnal variations of SO 4 2− , NO 3 − and NH 4 + were observed at both sites and were related to the meteorological conditions, primary emissions, and regional transport. To assess the effectiveness of the control measures, the urban site sampling period was divided into three periods: before the full-scale control, after the full-scale control but before the Olympics, and during the Olympics. The high SO 4 2− , NO 3 − , and NH 4 + levels after the full-scale control resulted from the more frequent air masses from southern sectors, suggesting the importance of regional transport. After minimizing the impacts of the meteorological factors and regional transport by selecting the samples in the air masses from the sector north of Beijing, the SO 4 2− , NO 3 − , and NH 4 + concentrations were observed an obvious reduction after the full-scale control, implying that the control measures were effective in reducing the local secondary inorganic aerosols. A typical haze event, which not only occurred in Beijing but was widespread over a large part of the North China Plain, was observed during August 3-10. We separated this event into a growth stage (August 3-4) and a stable stage (August 5-10) according to different characteristics of the SNA (the 
